through effects on the musculoskeletal system (14, 15) . The relationship between vitamin D status and pulmonary function has not been examined among older women, who are highly susceptible to vitamin D deficiency and worsening airflow limitation with age. We hypothesized that vitamin D deficiency and elevated PTH concentrations were associated with reduced pulmonary function in older women. To address this hypothesis, we measured serum 25-hydroxyvitamin D and PTH concentrations and assessed pulmonary function in a population-based study of older, moderately to severely disabled women living in the community.
Methods

Participants
Participants in this study were women, aged 65 years and older, who participated in the Women's Health and Aging Study (WHAS) I, a population-based study designed to evaluate the causes and course of physical disability in older disabled women living in the community. WHAS I participants were recruited from an age-stratified random sample of women, aged 65 years and older, selected from Medicare enrollees residing in 12 contiguous zip code areas in Baltimore (16) . WHAS I enrolled the one-third most disabled women aged 65 years and older, those with disability in two or more domains. Of the 1,409 women who met study eligibility criteria, 1,002 agreed to participate in the study in 1992. There were no major differences in sociodemographic or reported health characteristics between eligible participants and those who declined to participate (16) .
Data Collection
Standardized questionnaires were administered in the participant's home by trained interviewers. Race was assessed in a questionnaire as black, white, or other; smoking in terms of never, former, or current smoker; and education as 0-8, 9-11, 12, or more than 12 years as the highest level of formal education achieved. Physical activity was assessed through self-report of total minutes per week spent in six moderate-intensity activities (walking for exercise, heavy household chores, heavy outdoor work, regular exercise, dancing, and bowling) using a modified version of the Minnesota Leisure Time Activity Questionnaire (16) . Women were classified as being inactive, having low activity, or moderate-to-high physical activity if they reported 0, 0-149, or 150 min/wk or more of activity, respectively. Two weeks later, a trained, registered full-time study nurse practitioner examined each study participant in her home, using a standardized evaluation of physical performance and physical exam. Approximately 75% of women also consented to phlebotomy performed during a separate visit by a trained phlebotomist who followed a standardized protocol.
The definitions for most of the chronic diseases reported in this study were adjudicated by WHAS coinvestigators based on standardized algorithms that combined information from the questionnaire, physical examination, medical records, and physician contact (16) . The diagnosis of chronic obstructive pulmonary disease was defined on the basis of a diagnostic algorithm that included review of spirometry results (if available), respiratory medications, respiratory symptoms, and physician diagnosis by a study pulmonologist. The Mini-Mental State Examination (17) was administered at enrollment. An Mini-Mental State Examination score of less than 24 was defined as cognitive impairment (17) . Further details on the methods and sampling design of the WHAS studies are published elsewhere (16) .
Pulmonary function was assessed using spirometry (16) . A PJ5 spirometer (Burdick Inc., Deerfield, WI) with pneumotachograph was connected to a portable computer using software for spirometry developed by the National Institute for Occupational Safety and Health. Nurses who conducted the examination had received training and certification in a National Institute for Occupational Safety and Healthapproved course on spirometry. Participants with bronchodilators were told not to use them for 6 hours prior to testing. Readings were reviewed by the National Institute for Occupational Safety and Health reading center. Field technicians sought to obtain three acceptable spirograms (FEV 1 and FVC within 5%) using the American Thoracic Society Criteria Guidelines (18) . Of the 840 participants who underwent spirometry, 693 participants completed acceptable spirograms. Readings deemed "not acceptable" were usually the result of a participant's inability to sustain force expiration after repeated attempts. FEV 1 % and FVC predicted were calculated as per Knudson and colleagues (19) . There were 646 women with acceptable spirograms who also had serum 25- (20) ), with interassay and intraassay coefficients of variation of 9.6% and 7.5%, respectively. Serum 25(OH)D was analyzed as a continuous variable and also as a categorical variable using generally accepted cutoff point to define vitamin D deficiency (<20 ng/mL), inadequacy (20 -29 ng/mL), and sufficiency (≥30 ng/mL (11) (21) with interassay and intraassay coefficients of variation of 10.9% and 7.5%, respectively. Intact serum PTH was measured using chemiluminescence (22) with interassay and intraassay coefficients of variation of 6.7% and 5.7%, respectively. Complete blood count, phosphate, calcium, and creatinine were measured at Quest Diagnostics Laboratories. Chronic kidney disease was defined as estimated glomerular filtration rate of less than 60 mL/min/1.73 m 2 using the Modification of Diet in Renal Disease equation of Levey and colleagues (23) . Anemia was defined as hemoglobin less than 11 g/dL (24) . Serum samples were aliquoted and stored continuously at −70°C until the time of analyses of serum interleukin-6 (IL-6) was measured using a commercial ELISA (Quantikine Human IL-6; R&D Systems, Minneapolis, MN) in the laboratory of one of the investigators (R.D.S.). The minimum detection limit for the IL-6 ELISA reported by the manufacturer is 0.039 pg/mL. Intraassay and interassay coefficients of variation for IL-6 measurements were 4% and 6%, respectively. IL-6 concentration less than 2.5 pg/mL was used as an indicator of inflammation (25) .
Statistical Analysis
Medians (25th, 75th percentiles) and proportions were used to describe the study population. Variables that were skewed, that is, serum IL-6, were log transformed to achieve a normal distribution. Bivariate and multivariable linear regression models were used to examine the relationship between serum 25(OH)D, PTH, and other variables with FEV 1 , FVC, and FEV 1 /FVC ratio, respectively, where FEV 1 , FVC, and FEV 1 /FVC ratio were the dependent variable in the models. Variables that reached statistical significance in bivariate models were included in the multivariable linear regression models. Since serum 25(OH)D and PTH are closely related, multivariable models were run with the same covariates but with inclusion of either serum 25(OH)D or PTH and finally both 25(OH)D and PTH in the model. All analyses were performed using SAS (v. 9.1.3; SAS Institute, Inc., Cary, NC) with a type I error of 0.05.
Results
Serum 25(OH)D and PTH concentrations, pulmonary function, demographic and other characteristics of the participants are shown in Table 1 . The prevalence of chronic diseases was fairly high in this population-based sample of women representing the one-third most disabled women living in the community. Data were examined for a possible threshold relationship between 25(OH)D and FEV 1 , FVC, and FEV 1 /FVC, respectively, and the relationship was linear with no evidence of a threshold. There were no significant differences in log 25(OH)D, log PTH, or 1,25-hydroxyvitamin D concentrations between 202 women with and 444 women without chronic obstructive pulmonary disease (results not shown). There were no women with evidence of primary hyperparathyroidism, defined as calcium more than 10.2 mg/dL and PTH more than 65 pg/mL. Separate bivariate linear regression models were used to examine the relationship between serum 25(OH)D, serum PTH, demographic factors, inflammation, and chronic diseases with FEV 1 , FVC, and FEV 1 /FVC, respectively. Age, low education, serum PTH, cognitive impairment, anemia, IL-6 less than 2.5 pg/mL, heart failure, peripheral artery disease, stroke, and chronic obstructive pulmonary disease were significantly and negatively associated with both FEV 1 and FVC (Table 2) . Cognitive impairment, anemia, stroke, and chronic obstructive pulmonary disease were associated with FEV 1 /FVC but no significant relationship was found between FEV 1 /FVC and age, education, IL-6, heart failure, and peripheral artery disease. White race, height, serum 25(OH)D, and physical activity were significantly and positively associated with both FEV 1 (Table 3) 
Discussion
The present study shows that serum 25(OH)D is independently associated with pulmonary function in older disabled women living in the community. These results corroborate the findings of Black and colleagues (14) that showed a positive relationship between vitamin D status and pulmonary function in the Third National Health and Nutrition Examination Survey study. In addition, the present study extends the findings to older and more disabled communitydwelling women. The percent predicted FEV 1 and FVC values suggest that most of the women in this cohort had at least mild restrictive or obstructive pulmonary disease. No significant correlation was found between 1,25-hydroxyvitamin D and pulmonary function, but 1,25-hydroxyvitamin D is not considered a long-term indicator of vitamin D status.
A strength of the study is that it involved a population-based sample of older disabled women living in the community. Chronic diseases were carefully adjudicated, and pulmonary function was assessed in a standardized manner by highly trained nurses. The analyses were adjusted for inflammation, which has previously been associated with lower pulmonary function (26) . A limitation of the study is the cross-sectional nature of the study, as a causal direction of the association between vitamin D status and pulmonary function cannot be established. It is possible that women with low pulmonary function had lower physical activity and less exposure to ultraviolet type B rays, resulting in low vitamin D levels. However, physical activity was included as a covariate in the multivariable analyses. In addition, as with any epidemiological study, it is not possible to measure all factors that might influence pulmonary function; thus, there may be unmeasured confounding factors. The older generation assay used to measure 25(OH)D in the present study is considered less accurate than more recent assays, such as the DiaSorin assay that distinguishes vitamin 25(OH)D 3 and 25(OH)D 2 forms equally. Another limitation of the study is that chronic obstructive pulmonary disease was classified on the basis of a diagnostic algorithm rather than post-bronchodilator fixed ratio of 0.7.
Further studies are needed to determine if older adults with low serum 25(OH)D levels are at higher risk of developing a greater decline in pulmonary function over time. A recent nested case-control study showed that adults with lower plasma 25(OH)D concentrations at baseline were not at higher risk of rapid decline in pulmonary function over 6 years of follow-up (27) . This study differs significantly from the present study, in that all the study participants were mostly middle-aged males who were continuous smokers.
Vitamin D status may affect pulmonary function through biological mechanisms involving calcium and bone, skeletal (28, 29) and reduced vertebral height (30) . Low serum 25(OH)D and high serum PTH levels are predictive of the loss of muscle strength and muscle mass in older men and women (31) . Vitamin D deficiency is associated with impaired physical performance (8) and with poorer improvement in exercise capacity after pulmonary rehabilitation in patients with chronic obstructive pulmonary disease (32) . Vitamin D supplementation increases muscle strength in adults who are vitamin D deficient (33) . Vitamin D deficiency could potentially affect skeletal muscles that are involved in respiration and compromise pulmonary function. Moreover, vitamin D plays an important role in both innate and adaptive immunities. Vitamin D is involved in maintaining epithelial barrier function and production of antimicrobial defenses such as cathelicidin and some defensins and in T-cell activation (34) . A recent epidemiological study in Great Britain involving over 6,000 participants, Low circulating 25(OH)D concentrations have been associated with an increasing number of nonskeletal aging-related phenotypes, such as bladder dysfunction, cardiovascular disease, age-related macular degeneration, and Alzheimer's disease (37) (38) (39) , as well as increased mortality (40) . The Institute of Medicine recently concluded that serum 25(OH)D concentrations of at least 20 ng/mL were sufficient to ensure skeletal health and that the evidence for the effects of vitamin D on nonskeletal outcomes was still inconclusive (41) .
If the link between vitamin D status and lung function proves to be causal, the problem of poor pulmonary health may be growing with the increasing prevalence of deficiency in the United States (42) . Further work is needed to determine whether vitamin D status is an independent predictor of a decline in pulmonary function in community-dwelling adults. Pulmonary function should be included as an outcome measure in vitamin D supplementation studies in adults. Clinical trials of vitamin D supplementation for patients with chronic obstructive pulmonary disease are currently in progress (43) .
